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Abstract 
Assessing eco-efficiency performance of a production system is of great importance, since such assessment enables one to make an informed 
decision concerning economic and environmental performance of elementary systems within industrial productions systems. The framework 
presented in this paper is based on the eco-efﬁciency principles and four cornerstones i) Data inventory, ii) Environmental performance evaluation, 
iii) Environmental impact assessment and iv) Cost models/Value data. The Eco-Efficiency Integrated Methodology for Production Systems 
(ecoPROSYS) approach relies on the use of a systematized and organized set of indicators easy to understand/analyse promoting continuous 
improvement and a more efficient use of resources and energy. The goal is to assess eco-efficiency performance in order to support decision and 
enable the maximization of product/processes value creation and minimization of environmental burdens. The methodology was applied to a 
Medium Density Fibreboard (MDF) finishing line. The results of the study intend to validate the applicability of ecoPROSYS. The case study 
showed that the cutting and the feeding table have superior eco-efficiency performance while packing and sanding have lower eco-efficiency 
performance. The presented framework is a powerful tool that can be used to identify and quantify key variables, assess alternative scenarios, 
evaluate environmental aspects, environmental influence and assess unit processes and overall eco-efficiency performance. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Sustainable development, based on a vision which aim is to 
maximize value creation and minimize environmental burdens, 
will enable companies to seek solutions to improve the 
economic and environmental aspects of their production 
systems [1, 2]. Yet, assessing sustainability performance of a 
company or production system is an uncertain and a difficult 
task. Nevertheless eco-efficiency has assumed a key role, since 
its “practical and theoretical importance lies in its ability to 
combine performance along two of the three axes of sustainable 
development, environment and economics” [3]. 
Eco-efficiency relies on the quantified information 
concerning environmental and economic development of 
activities as sustainability aspects that evidence more value 
from lower inputs of material and energy and with reduced 
emissions. According to the World Business Council for 
Sustainable Development the two most common goals of eco-
efﬁciency assessments are: (i) measuring progress and (ii) 
internal and external communication of economic and 
environmental performance [4]. In order to improve overall 
performance, the WBCSD identified seven principles (Table 1) 
[2]. It should be noted that the reduction of material 
consumption or even enhanced recyclability, correspond to 
lower environmental influences, which will always be 
quantified in terms of eco-efficiency ratios (product or service 
value over environmental influence) and associated to the core 
measures and eco-efficiency principles (see Table 1). 
Regarding eco-efficiency assessments, several evaluations 
have taken place for various industries and with various 
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approaches. For instance BASF performed an eco-efficiency 
assessment in order to quantify the sustainability of products 
and processes [5, 6]. Michelsen et al. [4] studied the eco-
efﬁciency performance of two furniture production extended 
supply chains. Côté et al. [7] assessed the eco-efficiency 
performance of several small and medium enterprises. 
Czaplicka-Kolarz et al. [8] performed an eco-efficiency 
analysis in order to compare two polyethylene production 
systems. Li et al. [9] assessed the eco-efﬁciency of a grinding 
process. Kharel et al. [10] evaluated the eco-efficiency of an 
iron road industry. Despite the availability of several eco-
efficiency assessments presented in literature, no clear link 
between the seven eco-efficiency principles and the 
environmental aspects is established. Additionally, those eco-
efficiency assessments do not evaluate the significance of the 
environmental aspects, nor identify a set of simple and 
understandable Key Environmental Performance Indicators 
(KEPI). 
1.1. Goal and scope  
The main goal of this paper is to present a practical 
eco-efficiency framework related with the implementation of 
improvement strategies and help to set priorities to improve the 
company's environmental and economic performance. Taking 
into account the aim of this framework, the outcome will assist 
in the following: 
 
x identification and evaluation of unit processes and 
production systems with a lower eco-efficiency 
performance; 
x definition of eco-efficiency improvement strategies; 
x identification and quantification of the variable(s) or key 
aspect(s) that affect eco-efficiency performance; 
x quantification of eco-efficiency performance variations; 
x identification of the significant environmental aspects; 
x connection of the eco-efficiency principles with the 
appropriate environmental aspect. 
Table 1 - Eco-efficiency‘s core measurements and principles. 
Core Measures  Eco-efficiency Principles 
Optimizing the use of 
resources 
P1 - Reduce the material intensity 
P2 - Reduce energy intensity 
P3 - Enhance recyclability 
Reducing environmental 
impact 
P4 - Reduce dispersion of toxic substances 
P5 - Maximize use of renewable resources 
Increasing product or 
service value 
P6 - Extend product durability 
P7 - Increase service intensity 
2. ecoPROSYS key modules 
2.1. Scope and data collection 
The scope and goal definition is the first task that should be 
carried out according to ISO 14044:2010 and 14045:2011 
[11, 12]. The definition of the functional unit and boundaries 
should also be done during this task. The functional unit 
provides a metric reference for the environmental and value 
data assessment. The system boundaries delimit the unit 
processes and the energy and material flows that are included 
in the study. Any deviation has to be properly justified [12]. 
Data collection is one of the most important tasks, since the 
quality of the input data will influence the final results 
considerably. The goal is to collect the necessary data in order 
to quantify all inputs and outputs for each unit process within 
the production system under analysis. For this specific 
framework, cost and value data should also be collected in 
order to fulfil the cost and value assessment. The final task 
consists in converting all data according to the functional unit 
(metrics), in order to carry out the environmental performance 
evaluation, environmental impact assessment and cost and 
value assessment. 
2.2. Environmental performance evaluation 
Environmental Performance Evaluation (EPE) defined by 
ISO 14031:2005 can be applied to any organization and is 
perfectly integrated with the current management practices, in 
part due to the evolution of environmental policy, but also due 
to the benefits of an effective approach to sustainable 
development. Eco-efficiency assessments can also include an 
EPE, enabling the identification of significant environmental 
aspects related to the eco-efficiency principles. In this sense, 
the ecoPROSYS framework combines the EPE with the eco-
efficiency principles. The prediction of environmental aspect’ 
intensity and the establishment of objectives for each principle 
make up the link between the eco-efficiency principles and 
EPE indicators. This is an innovative approach for defining 
management targets with the evaluation of environmental and 
economic impacts. The significant environmental aspects are 
useful evidence improvement opportunities. These aspects are 
also fundamental to build the three-level environmental 
profiles (eco-efficiency categories, environmental aspects and 
KEPI). 
2.3. Life cycle impact assessment 
Understanding the environmental impacts of a production 
system is often a difficult task. It involves the assessment of a 
comprehensive set of elementary flows, related to their nature, 
quantity, and environmental effect/burden. The LCA 
methodology provides assistance on understanding 
environmental influence and supports the creation of the 
environmental profile. The ISO 14040:2006 defines LCA as 
the "compilation and evaluation of the inputs, outputs and 
potential environmental impacts of a product system 
throughout its life cycle" [13]. Thus, it consists in a structured 
and comprehensive method which quantifies the environmental 
impacts of all inputs and outputs during the entire life cycle of 
a product, process or service. Within this framework, the LCA 
is used to translate the elementary flows of the system into 
environmental influence indicators. The correct application of 
LCA methodology is evidently of great importance in order to 
assess and characterise properly the system. Therefore, each 
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input or output flow should be considered as an elementary 
aspect. 
2.4. Cost and value assessment 
The economic axis of eco-efficiency is usually based on cost 
and/or value related metrics. Having in mind an easy 
interpretation of the economic value created, simple and direct 
monetary indicators are usually suggested, e.g. Gross Value 
Added (GVA) Earnings Before Interest, Taxes, Depreciation, 
and Amortization (EBITDA), Production Cost, etc. [4, 2]. 
Besides monetary values, the ISO/DIS 14045:2011 makes 
reference to the product value or service as a functional value, 
defined as a tangible and measurable benefit to the user. This 
value is a numerical quantity representing functional 
performance of a product, and should be maximized (e. g. 
durability, chemical or physical performance, produced units, 
etc.). In addition, the use of eco-efficiency as a metric to foster 
sustainability implies to use also life cycle perspective. 
Therefore, the measuring method used for the eco-efficiency 
numerator should represent a type of value created during the 
life time of the product or system. 
2.5. Framework integration & description 
A schematic representation of the proposed framework is 
shown in Figure 1. The interaction between the different 
modules leads to the decision support indicators and to the 
environmental, value and eco-efficiency profiles. 
Figure 1 - Schematic representation of the ecoPROSYS framework. 
The environmental assessment is a central topic of an eco-
efficiency methodology, along with the technical or physical 
economic value. The aim of the economic value module is to 
feed the eco-efficiency ratios with relevant economic 
indicators. Actually, the ratio between these two topics intend 
to help companies manage the links between environmental 
and value performance. The ultimate goal is to provide a clear 
vision of the system baseline performance and to assist the 
implementation of improvement strategies, which could 
enhance company competitiveness and environmental 
performance. The framework enables the simulation of 
alternative scenarios and the evaluation of goals and objectives, 
by connecting environmental influence with the inventory data 
and the goals defined by the organization for each eco-
efficiency principle, thus, filling the gaps of the existing work, 
mentioned in Section 1. For the cost assessment, any change 
made on the production cost is reflected in the accounting 
indicators towards alternatives analysis.  
3. Case study 
3.1. Scope and inventory 
The ecoPROSYS methodology was applied to a Medium 
Density Fibreboard (MDF) finishing line. This production 
system is very important and critical, since along the finishing 
line the MDF boards are sanded and trimmed according to final 
thickness and specification dimensions. Several unit processes 
were considered for this case study. Table 2 describes each unit 
process that takes place along the production system. Data 
collection was carried out in order to capture the most usual and 
realistic characterization of the production system. After 
collecting all the necessary data, it was normalized according 
to the functional unit, which in this case refers to: the finishing 
of one cubic meter of MDF boards (Finishing of 1m3 of MDF 
boards). Regarding the system boundaries, these are delimited 
by the unit processes of the production system (Table 2), i.e. 
the upstream and downstream processes were not considered in 
this study. Table 3 resumes all data (inputs and outputs) of the 
production system. During the data collection task, the value 
and cost data were also collected (Table 4). 
3.2. Environmental performance evaluation 
The environmental aspects for this case study are easily 
identified from the inventory, as a list of resources consumed 
or emissions discharged, which are directly considered for the 
EPE. The EPE was applied in order to enable the evaluation of 
the significance of environmental aspects (e.g. consumption of 
materials). The first step foresees the intensity of 
environmental aspects concerning eco-efficiency principles. In 
addition, others parameters were considered to determine the 
environmental aspects significance, namely the environmental 
risk (frequency times the severity of the event) and the 
extension (spatial dimension). The results from this EPE are 
characterized in Table 5. The set of significant and very 
significant aspects point out the environmental aspect and 
respective eco-efficiency principal that could be improved in 
order to improve the overall eco-efficiency performance. As 
shown in Table 5, energy consumption is one of the most 
significant environmental aspect. Energy consumption is more 
significant for principals 2, 3 and 5. Regarding the outputs, 
there are no major concerns, since all wood dust and trimming 
are reused in the process, and the cooling water is also reused. 
The CO2 emission and solid waste aspects despite being 
significant aspects, they represent relatively small amounts. 
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Table 2 – Description of the unit processes that take place along the 
production system. 
Unit Process Description 
Feeding table Supply the conveyer with boards (automatically) 
Calibrating Consist in calibrating the board's thickness using coarse 
and medium sand paper 
Sanding Consist in sanding the MDF boards to obtain a smooth 
finish and guarantee the specification thickness 
Cutting 
The cutting process consists of two steps, vertical cutting 
and longitudinal cutting, during these steps the MDF 
boards are also calibrated in terms of width and length 
Stacking 
During this unit process the MDF boards, already cut, 
are stacked, and the MDF protection board is placed on 
the top  
Packing This unit process is carried out by placing cardboard and 
the base studs, finally the strapping PET tape placed 
Table 3 – Inventory of the production system’s inputs and outputs. 
 Description Amount (per m3) Unit  
Materials 
MDF supplied into the 
finishing line 
900.620 kg 
Auxiliary 
Materials 
Sandpaper 0.288 m2 
Cardboard package 0.649 kg 
Protective MDF board 32.420 kg 
Stud (base protection) 8.230 kg 
PVC strapping tape 0.240 kg 
Energy 
Diesel (fork lift) 0.252 kg 
Electric 43.715 kWh 
Water  Cooling water 100 Litres 
Air Emissions CO2 emissions (forklift) 0.670 kg 
Wastewater Cooling water 100 Litres 
Residues 
Wood trimmings and dust 150.620 kg 
Sand paper  0.2881 m2 
3.3. Cost and value data 
The value data was supplied by the company under study, it 
is worth mentioning that the economic indicators concern the 
finishing of one cubic meter of MDF. The product’ functional 
characteristics, e.g. durability, were also considered. 
Production costs of the unit process are omitted, due to 
confidentiality issues (Table 4). 
Table 4 – Economic and value indicators. 
Value Indicator (year 2013) Value Unit 
EBITDA 14.8 €/m3 
GVA 30.82 €/m3 
Production cost 12.15 €/m3 
Units sold 109,880 #/year 
Product durability > 25 Years 
3.4. Life cycle impact assessment 
The Life cycle impact assessment (LCIA) was carried out 
using the results of the inventory in order to understand and 
evaluate the magnitude and significance of potential 
environmental impacts of the product system under study. The 
LCIA was performed using SimaPro 7.1 software with the 
IMPACT 2002+ V2.05 method. This method was used since it 
presents the impact category expressed in reference substances 
units and enables the presentation of both impact and damage 
categories, which facilitate communication/interpretation of 
the eco-efficiency profiles. For this assessment the Ecoinvent 
database version 2.0 was used. For this study the MDF’ density 
was considered to be 750kg/m3. The infrastructure impacts and 
the upstream impacts form where not considered since the goal 
is to assess the eco-efficiency of the finishing line (gate-to-gate 
perspective). 
The environmental impacts related to electrical energy and 
material consumption are the most representative. The impacts 
due to fuel and water consumption are minor (see Figure 2). 
Regarding the environmental influence of the unit processes 
(depicted in Figure 3), as expected, the calibrating and sanding 
unit processes are responsible for 51% of the environmental 
impacts, mostly due to the consumption of electricity. The 
stacking processes has the highest environmental influence 
(32%), this fact is related to the environmental impact of the 
protection board that is used in this unit process. 
3.5. Eco-efficiency Profile 
As described, the eco-efficiency profile comprises the 
environmental, value and the eco-efficiency profile. The 
environmental profile, is presented in Table 7, besides the 
energy and materials environmental influence and the unit 
process impacts, the global warming, aquatic acidification and 
ozone layer depletion potential influence are also considered. 
The value profile, for this case study, encompasses four 
relevant economic indicators shown in Table 6. The eco-
efficiency profile, in Table 8, refers to the energy and materials 
consumption eco-efficiency indicators, and Table 9 refers to 
the unit process eco-efficiency indicators. The energy and 
material eco-efficiency indicators (Table 8) relate to the eco-
efficiency principles and the significant and very significant 
environmental aspects (Table 5). For instance, any 
improvements regarding energy consumption will reduce 
energy intensity and dispersion of toxic substances. 
Concerning the unit process eco-efficiency indicators (Table 
9), these are normalized in order to enable the comparison 
between the several unit processes. Such comparison is 
depicted in Figure 4. These results reveal that the feeding table 
and the cutting unit processes have the best eco-efficiency 
performance, on the other hand sanding, packing and 
calibrating unit process have a lower eco-efficiency 
performance. The stacking unit process, despite having the 
highest environmental impact, has one of the lowest costs, 
therefore this unit process is on the “high eco-efficiency” 
performance side of the chart. Lastly, the overall eco-efficiency 
indicator is presented. 
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Table 5 – Environmental performance evaluation. 
Unit Process Environmental aspect S1 S2 S3 S4 S5 S6 S7 
Inputs 
Feeding table 
Energy consumption - Electricity LS VS S LS S LS LS 
Material consumption – MDF board NS NS NS NS NS NS NS 
Calibrating 
Energy consumption – Electricity LS VS S LS S LS LS 
Material consumption –Sandpaper LS LS NS NS NS LS NS 
Sanding 
Energy consumption – Electricity LS VS S LS S LS LS 
Material consumption – Sandpaper LS LS NS NS NS LS NS 
Water consumption – Cooling water NS NS NS NS NS NS NS 
Cutting Energy consumption – Electricity LS VS S LS S LS LS 
Stacking 
Material consumption – MDF Protection Board VS LS LS LS LS LS LS 
Energy consumption – Diesel S VS S LS S LS LS 
Packing 
Material consumption - Cardboard package LS NS NS LS NS NS NS 
Material consumption – Studs LS NS NS NS LS LS NS 
Material consumption - PVC strapping tape S LS LS VS LS LS LS 
Energy consumption - Electricity LS VS S LS S LS LS 
Energy consumption – Diesel S VS S LS S LS LS 
Outputs 
Calibrating 
Solid waste – wood dust NS NS NS NS NS NS NS 
Solid waste – Sand Paper LS NS LS NS NS LS NS 
Wastewater – Cooling water LS NS LS NS NS NS NS 
Sanding 
Solid waste – Wood dust NS NS NS NS NS NS NS 
Solid waste – Sand Paper LS NS LS NS NS LS NS 
Cutting Solid waste – Trimmings NS NS NS NS NS NS NS 
Stacking Gas emissions - CO2 Emission (forklift) LS S LS LS LS LS LS 
Packing 
Gas emissions - CO2 Emission (forklift) LS S LS LS LS LS LS 
Solid waste - Plastic package & PET straps S LS S LS LS LS LS 
S1 - Significance of environmental aspect for Principal 1; S2 - Significance of environmental aspect for Principal 2; S3 - Significance of environmental aspect for Principal 3; S4 - 
Significance of environmental aspect for Principal 4; S5 - Significance of environmental aspect for Principal 5; S6 - Significance of environmental aspect for Principal 6; S7 - 
Significance of environmental aspect for Principal 7; VS – Very Significant Environmental Aspect; S - Significant Environmental Aspect; LS - Low Significance Environmental 
Aspect; NS - Non Significant Environmental Aspect 
 
 
Figure 2 - Environmental influence of material and energy (Single 
score). 
 
Figure 3 - Environmental influence of each unit process per damage 
category (Single score). 
Table 6 – Value profile. 
EBITDA 14.80 €/m3 
GVA 30.82 €/m3 
Sales 237.80 €/m3 
Production cost 12.15 €/m3 
Table 7 – Environmental Profile. 
Energy and materials - Environmental Influence (EI) 
Material consumed 6.53E-03 Pt 
Electrical energy consumed 8.26E-03 Pt 
Diesel consumed 1.85E-04 Pt 
Water used 8.53E-05 Pt 
Global warming 4.07E+01 kg CO2 eq 
Aquatic acidification 2.85E-01 kg SO2 eq 
Ozone layer depletion 2.75E-06 kg CFC-11 eq 
Unit processes - Environmental Influence (EI) 
Feeding table 1.52E-04 Pt 
Calibrating 3.37E-03 Pt 
Sanding 4.36E-03 Pt 
Cutting 8.79E-05 Pt 
Stacking 4.80E-03 Pt 
Packing 2.28E-03 Pt 
Total Environmental Influence (EI) 1.50E-02 Pt 
Table 8 – Eco-efficiency profile - Energy and materials. 
Energy and materials  
Eco-efficiency 
Principles 
Eco-efficiency 
indicators(1) 
Material and auxiliary material 
consumed 
P1; P6 4.72E+03 
Electrical energy consumed P2; P3; P5 3.73E+03 
Diesel consumed P2; P3; P5 1.67E+05 
Water used P5 3.61E+05 
(1) - GVA/Environmental influence 
0,00E+00
2,50E-03
5,00E-03
7,50E-03
1,00E-02
Material and
auxilary material
consumed
Electrical energy
consumed
Disel consumed Water used
0%
20%
40%
60%
80%
100%
0E+00
2E-03
4E-03
Feeding
table
Calibrating Sanding Cutting Stacking Packing
Human health Ecosystem quality Climate change
Resources Weight
175 A.J. Baptista et al. /  Procedia CIRP  48 ( 2016 )  170 – 175 
 
Table 9 – Eco-efficiency profile - Unit processes. 
Unit processes Normalized EI 
Normalized 
costs 
Eco-efficiency 
indicators (2) 
Feeding table 0.03 0.02 6.51E-01 
Calibrating 0.70 0.22 3.20E-01 
Sanding 0.91 0.28 3.04E-01 
Cutting 0.02 0.06 3.26E+00 
Stacking 1.00 0.03 2.87E-02 
Packing 0.48 1.00 2.11E+00 
Overall eco-efficiency indicator(3) 2,05E+03 
(2) - Unit Process Production Cost/Unit Process Environmental influence 
(3) - GVA/Environmental influence 
 
 
Figure 4 - Eco-efficiency plot for MDF finishing line production system 
(bubble area is proportional to environmental impact – Pt | vertical and 
horizontal axes are reversed) 
4. Conclusions 
This work, besides proposing an integrating framework to 
support decision-making and enabling eco-efficiency 
assessments, also presents the results of case study that was 
carried out in order to validate the applicability of the 
ecoPROSYS framework, which comprises four key modules. 
As presented in the case study, the inventory includes all the 
necessary data to perform the LCIA and to outline the 
economic and value indicators. The EPE was inferred by 
classifying the environmental aspects by the intensity, 
frequency and extent. The EPE results clearly reveal that the 
most significant aspects are related to energy consumption 
(Diesel and electricity) and material consumption, which relate 
primarily with the eco-efficiency principles that intend to 
reduce: material intensity, energy intensity and the dispersion 
of toxic substances. The LCIA results show that electrical 
energy consumption has the highest environmental impact. The 
calibrating and sanding unit processes, partake high 
environmental impacts, due to energy consumption. The 
stacking phase also has a high environmental influence, but due 
to material consumption. All in all, the EPE, LCIA and the cost 
and value assessment, on their own could support decision 
making, on the other hand the connexion between 
environmental and economic performance would not be 
addressed. Therefore, in this new approach these outcomes are 
integrated in order to generate an eco-efficiency profile, which 
includes a value profile, an environmental profile and 
eventually an eco-efficiency profile. The eco-efficiency profile 
characterizes the environmental and economic performance of 
the production system. The results of the case study reveal that 
the cutting and the feeding table unit process have a superior 
eco-efficiency performance while packing and sanding have 
lower eco-efficiency performance. Ultimately, ecoPROSYS 
was demonstrated as a powerful tool that can be used to identify 
and quantify key variables, assess alternative scenarios, 
evaluate the significance of environmental aspects, evaluate 
environmental influence and assess unit processes and overall 
eco-efficiency performance. 
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